Intracerebroventricular (i.c.v.) nociceptin/orphanin FQ (N/OFQ) produces cardiovascular depressor, diuretic and renal sympathoinhibitory responses in conscious rats. These studies examined how a chronic high NaCl intake alters these peptide-evoked responses and the activity of the endogenous central N/OFQ-NOP receptor system. In normotensive Sprague-Dawley rats that were fed a chronic (3 week) high (8%) NaCl diet, i.c.v. N/OFQ (5.5 nmol) produced prolonged bradycardic, hypotensive and diuretic responses, but failed to suppress renal sympathetic nerve activity. In a separate group of rats maintained on a high NaCl diet, i.c.v.
Dawley rats) enhanced water intake (i.e., drinking) associated with consumption of a high salt diet would be expected to occur without an increase in plasma vasopressin (AVP, antidiuretic hormone) levels as a means to facilitate an increase in urine output. This is in contrast to the increase in plasma AVP and water retention which occur in certain models of salt-sensitive hypertension (27, 30, 31) . Together, in health these regulatory mechanisms operate to help maintain total body water/sodium balance and normotension.
As noted above, central NOP receptor activation causes cardiovascular depressor and diuretic responses via inhibiting central sympathetic outflow (19) and AVP secretion (15, 33) , respectively. The ability of central N/OFQ to influence these regulatory pathways is of potential physiological importance. Since a chronic high NaCl intake can alter central sympathetic outflow (2, 8) , basal plasma AVP levels (30) and urine output (26, 29) , it is possible that the endogenous central N/OFQ system may act to oppose NaCl-induced changes in these parameters. Based on this premise it would be expected that a chronic high NaCl intake would cause changes in the activity of the endogenous N/OFQ-NOP receptor system in specific brain regions involved in the control of cardiovascular function and the renal handling of water.
Therefore, the present studies were performed to determine how a chronic (3 weeks) high (8%) NaCl intake alters the cardiovascular and renal excretory responses to central administration of N/OFQ in conscious Sprague-Dawley rats. As a correlate, we examined how a chronic high NaCl stress alters endogenous levels of the N/OFQ peptide, NOP receptor expression and activity (GTPγS binding) in the hypothalamus and the medulla of the brain. In addition, high salt-induced changes in N/OFQ peptide levels and NOP receptor expression were Page 5 of 43 measured in the ventrolateral medulla (VLM) and the paraventricular nucleus (PVN), these being key brain regions involved in the central neural control of cardiovascular function and AVP synthesis/release, respectively. Finally, experiments were performed to investigate the premise that endogenous central N/OFQ systems are activated as an adaptive mechanism to counter the influence of chronic high NaCl on cardiovascular function and/or urine output in rats. In these studies, i.c.v. administration of the selective NOP receptor antagonist, UFP-101 (4, 34) was used to pharmacologically block a potential ongoing tonic influence of central N/OFQ on a given cardiovascular or renal excretory parameter.
commenced after the animal regained full consciousness, and cardiovascular and renal excretory functions stabilized (4-6 h). Mean arterial pressure (MAP), heart rate (HR) and RSNA were continuously recorded using computer-driven BIOPAC data acquisition software (MP100 and Central UFP-101 antagonist studies Studies were performed to determine the changes in systemic cardiovascular and renal excretory function produced by acute blockade of central NOP (4, 34) , which was continued for the duration of study.
Cardiovascular function was then measured and urine samples collected during a 90-min experimental period (consecutive 10-min periods).
AVP measurement
Naïve Sprague-Dawley rats were fed a control diet (0.4% NaCl) or high salt (8% NaCl) diet for three weeks (7) (N=6 per group). Animals were then decapitated and plasma AVP was determined using an AVP ELISA kit as per manufacturers' instruction (Assay Designs Inc, MI) and expressed as pg/ml.
Brain tissue collection
Naïve Sprague-Dawley rats were fed a control diet (0.4% NaCl) or high salt (8% NaCl) diet for three weeks (7) . Animals were then sacrificed by decapitation and brain tissue was dissected on ice and stored at -80°C. Brain tissue was taken from the frontal cortex, the whole hypothalamus and medulla as identified visually using morphological landmarks (28) . In separate groups of rats, whole brains were removed, wrapped in aluminum foil and frozen at -80°C. Brain cortex, PVN and VLM tissue samples were then taken from frozen brain sections cut on a cryostat using a brain punch tool (Stoelting, IL). Brain cortex and PVN samples were taken using a punch diameter of 1.00 mm; VLM samples were taken using a punch diameter of 0.76 mm and were stored at -80°C. The location of the PVN and VLM was determined using visual landmarks (27) , and by identification of neuron populations in sections examined under a light microscope.
N/OFQ RIA
Peptide extracts were prepared from brain regions (brain cortex, hypothalamus, medulla), and specific brain regions (PVN, VLM) (N=6 0.4% NaCl diet; N=6 8% NaCl diet), and quantified for protein content (21) . N/OFQ peptide levels were quantified using a RIA kit (23) . Non-specific binding was determined in the presence of 1 µM unlabeled N/OFQ. Reactions were terminated via vacuum filtration through polyethyleneimine (0.5%) pre-soaked Whatman GF/B filters using a Brandel-harvester (23).
Radioactivity was determined following filter extraction using liquid scintillation spectroscopy.
NOP receptor levels are expressed as fmol NOP per mg of protein, concentration response curves were analyzed using computer-assisted curve fitting with Graphpad Prism 4, with data fitted to a one-site binding model, and subjected to non-linear regression using a sigmoidal dose response (variable slope) model, to produce affinity (pK D ) and receptor density (B max ) values.
NOP receptor Immunoblotting
Brain punch samples (BC, PVN, VLM), whole hypothalamus and medulla were taken from Sprague-Dawley rats maintained on control (0.4% NaCl) or high (8% NaCl) salt diets for 3 weeks (N=6 per group). Tissue lysates, containing both membrane and cytoplasmic fractions,
were then prepared and protein levels were quantified (21) . Lysates were resolved on SDS-PAGE gels and transferred to nitrocellulose membrane (GE Healthcare, Piscataway, NJ). NOP receptor levels were determined using anti-KOR3 antibody (Santa Cruz, CA) (1:1000), protein levels were normalized to GAPDH (anti-GAPDH 1:1000, Abcam, MA, 34). Chemiluminescent immunoreactive bands were detected by horseradish peroxidase-conjugated secondary antibody.
Data was imaged and analysed using Bio-Rad Quantity One software.
GTPγ γ γ γ 35 S assay
Sprague-Dawley brain tissue membrane preparations from frontal cortex, whole hypothalamus and medulla were prepared (N=6 0.4% NaCl diet; N=6 8% NaCl diet) and Radioactivity was determined following filter extraction using liquid scintillation spectroscopy.
Concentration response curves were analyzed using computer-assisted curve fitting with
Graphpad Prism 4, with data subjected to non-linear regression analysis using a sigmoidal dose response (variable slope) model to produce functional potency (pEC 50 ) and efficacy (Stimulation factor). Data are presented as stimulation factor, which is the ratio between N/OFQ stimulated 
Statistical Analysis
All data are expressed as mean ± SEM. The magnitude of the changes in cardiovascular and renal excretory parameters at different time points after i.c.v. injection of drugs were compared with respective group control values by a one-way repeated-measures analysis of variance (ANOVA) with subsequent Dunnett's test. Differences occurring between treatment groups (e.g., 0.4 % and 8% NaCl) were assessed using two-way repeated measures ANOVA with treatment being one fixed effect and time the other, with the interaction included. The time (min) was then the repeated factor. Post hoc analysis was performed using Bonferroni's test.
Where appropriate, a Student's t test was also used to compare means between two groups. In each case, statistical significance was defined as p < 0.05.
Results

Cardiovascular and renal excretory responses to i.c.v. N/OFQ
In control rats fed a normal diet (0.4% NaCl), i.c.v. N/OFQ (5.5 nmol), but not i.c.v.
saline vehicle (5 µl), produced characteristic reductions in HR, MAP and urinary sodium excretion and an increase in urine flow rate (Fig 1) . To determine whether chronic salt loading alters these responses, changes in cardiovascular and renal excretory function produced by i.c.v.
N/OFQ were examined in rats maintained for 3 weeks on a high salt diet (8% NaCl chow plus tap drinking water). In these studies, levels for baseline systemic hemodynamics and urine output
were not statistically different from those in rats maintained on a normal NaCl intake. However, basal urinary sodium excretion was significantly increased in rats that consumed a high salt diet (Fig 1) . As depicted (Fig 1) , in high NaCl-treated rats the duration of cardiovascular depressor responses (bradycardia, hypotension) to i.c.v. N/OFQ were significantly prolonged. In contrast to control diet animals in which HR and MAP returned to pre-drug levels by 40-min, the bradycardia and hypotension persisted for 60 and 80-min respectively in the 8% NaCl group (Fig   1) . There was a delayed diuresis in response to i.c.v. N/OFQ in both control and high NaCl groups, with increased urinary flow detectable within 30-min. However, the diuretic response was significantly prolonged in animals fed an 8% NaCl diet (70-min urine flow rate: control diet, 56 ± 12 µl/min vs. 8% NaCl diet, 123 ± 32 µl/min, P<0.05) resulting in significantly greater cumulative urine output (control diet 4869 ± 324 µl, 8% NaCl diet 5900 ± 226 µl, P<0.05).
Similarly, the antinatriuresis to i.c.v. N/OFQ tended to be of longer duration than that obtained in the control diet group.
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Additional experiments were performed in rats chronically maintained (3 weeks) on a normal (0.4%; N=8) or high (8%; N=8) NaCl diet to examine the influence of high salt intake on N/OFQ induced changes in renal sympathetic nerve activity (RSNA). In control diet animals, RSNA did not significantly change over the first 20-min following i.c.v. N/OFQ despite a druginduced reduction in MAP (Fig 2) . However, by 30-min post-drug injection (a time in which MAP tended to return to control level), RSNA was significantly (P<0.05) decreased (30-min RSNA, 76 ± 6% predrug control level; N=8) and remained depressed for the duration of the experimental protocol (90-min RSNA, 70 ± 9% predrug control level; N=8). In contrast, in rats chronically maintained on an 8% NaCl diet i.c.v. N/OFQ caused a more prolonged hypotensive response, but did not significantly alter RSNA throughout the protocol (30-min RSNA, 85 ± 6% predrug control level; N=8; 90-min RSNA, 95 ± 7% predrug control level; N=8; and Fig 2) .
UFP-101 antagonist studies
The continuous central infusion of UFP-101 (18 nmol/h/5µl) did not alter cardiovascular or renal excretory function in Sprague-Dawley rats maintained on a 0.4% NaCl diet (Fig 3) . In this control group, HR, MAP, urine output and urinary sodium excretion remained constant over the duration of the experimental period in which UFP-101 was continuously infused. In contrast to the lack of response observed in rats maintained on a normal salt diet, i.c.v. infusion of UFP-101 significantly altered urine output in animals chronically maintained on a high NaCl-intake (Fig 3) . In particular, urine flow rate significantly decreased 30 and 40-min after starting the UFP-101 infusion (control, C, urine flow rate, 60 ± 2.8 µl/min vs. 40-min urine flow rate, 44 ± 3.9 µ/min, P<0.05), after which levels for urine flow rate returned to pre-drug, baseline control levels. In rats maintained on a high NaCl-intake, i.c.v. infusion of UFP-101 also produced a small increase in MAP which occurred approximately 50-min after start of i.c.v. antagonist infusion which persisted for the duration of the experimental protocol (Fig 3) . However, this central UFP-101 evoked increase in mean arterial pressure did not achieve statistical significance. I.c.v. UFP-101 infusion did not alter heart rate or urinary sodium excretion over the course of the 90-min experimental protocol.
Plasma AVP levels
In control male Sprague-Dawley rats maintained on a normal (0.4%) NaCl diet, the level of endogenous plasma AVP was 1.54 ± 0.16 pg/ml. Maintenance of rats on a chronic (3 week) high (8%) NaCl diet did not alter the endogenous level of plasma AVP (1.58 ± 0.17 pg/ml; Fig   4) .
Brain N/OFQ peptide levels
In control male Sprague-Dawley rats maintained on a normal (0.4%) NaCl diet, N/OFQ levels in brain cortex tissue (1.9 ± 0.4 fmol/mg) were significantly lower than that observed in the hypothalamus and medulla (40 ± 7 and 35 ± 2 fmol/mg respectively). Tissue samples from the PVN and VLM had higher endogenous levels of N/OFQ (57 ± 4 and 49 ± 6 fmol/mg, resp.)
as compared to peptide levels present in hypothalamic and medulla samples (Fig 5) . As compared to animals on a normal chow, maintenance of rats on a chronic (3 week) high (8%) NaCl diet did not significantly alter endogenous N/OFQ levels in the brain cortex, hypothalamic or PVN samples. However, in high NaCl-treated rats (Fig 5) , there was a significant reduction in N/OFQ peptide levels in both the whole medulla and VLM (medulla; control diet, 35.3 ± 2 fmol N/OFQ/mg protein vs. 8% NaCl diet, 11.9 ± 3 fmol N/OFQ/mg protein, P<0.05: VLM; control diet, 49 ± 6 fmol N/OFQ/mg protein vs. 8% NaCl diet, 32 ± 2 fmol N/OFQ/mg protein, P<0.05).
Brain NOP receptor expression
NOP receptor expression was determined via radioligand binding, using membrane preparations, and immunoblotting using tissue homogenates containing both membrane and cytoplasmic fractions. Owing to tissue limitations, NOP receptor expression was not determined via radioligand binding in brain punch samples and was instead examined through immunoblotting. In control rats fed a normal (0.4%) NaCl diet, the highest NOP receptor levels were observed in the medulla and VLM, followed by hypothalamic and PVN tissue. Lower expression levels were detected in brain cortex samples (Table 1 , Fig 6a) . Chronic (3 week) intake of high (8%) NaCl produced regional changes in NOP receptor density within the brain of Sprague-Dawley rats (Table 1, Fig 6a, 6b) . Data from radioligand binding studies revealed no significant difference between pK D values across brain regions (Table 1) following high saltintake, indicating chronic high salt-intake does not alter the affinity of N/OFQ for the NOP receptor (Table 1) . Following high salt-intake NOP receptor levels were elevated in both the hypothalamus and PVN; when assessed by immunoblotting these changes were significant in the PVN (Fig 6a) . When assessed by the more sensitive method of radioligand binding a statistically significant increase in NOP receptor expression was observed in the whole hypothalamus (Table   1 ). In contrast to the increase in NOP expression in the hypothalamus and PVN, endogenous NOP receptor levels were significantly reduced in animals maintained on a high salt diet in the brain cortex and medulla (medulla; control diet, 1473 ± 131 fmol NOP/mg of protein vs. 8%
NaCl diet, 327 ± 31 fmol NOP /mg of protein, P<0.05) as assessed by radioligand binding (Table 1 ) and immunoblotting (Fig 6a) . Additionally, correlating with a reduced level of NOP receptor expression in the whole medulla, NOP receptor levels were significantly reduced in the VLM (VLM; NOP control diet, 2.5 ± 0.1 optical density units/mm 2 normalized to GAPDH vs. 8% NaCl diet, 0.87 ± 0.06 optical density units/mm 2 normalised to GAPDH, P<0.05) (Fig 6a, 6b ). Table 2 ).
Brain N/OFQ stimulated GTPγ
Maintenance of rats on a chronic (3-week) high (8%) NaCl diet significantly, and differentially, altered the sensitivity of brain tissues to N/OFQ stimulation ( Table   2 ). Maximal N/OFQ stimulation of GTPγS binding was unaltered by high salt-intake in the brain cortex and medulla, in contrast a significant reduction in maximal stimulation was observed in the hypothalamus (hypothalamus stimulation factor; control diet, 2.14 ± 0.16 vs. 8% NaCl diet 1.43 ± 0.08, P<0.05, Table 2 ).
Discussion
The central administration of N/OFQ to conscious rats significantly decreases HR and MAP and produces a water diuresis via central pathways that involve inhibition of central sympathetic outflow and AVP secretion, respectively (17, 18, 19) . N/OFQ continued to produce a diuretic response in animals maintained on a chronic high NaCl diet.
As noted above, a chronic high NaCl diet significantly altered the pattern of cardiovascular, renal excretory and renal nerve responses to i.c.v. N/OFQ in conscious rats.
Based on these findings, it may be speculated that a high salt intake may alter the activity of the endogenous N/OFQ-NOP receptor system as a mechanism(s) to counter the effects of high salt on systemic cardiovascular and renal excretory regulatory systems. In studies performed in Sprague-Dawley rats maintained on a normal salt-intake the continuous i.c.v. infusion of the selective NOP receptor antagonist, UFP-101 (34), failed to produce a change in any systemic cardiovascular or renal excretory parameter. This suggests that under conditions of normal NaCl intake the endogenous N/OFQ-NOP system does not appear to play a major role in the control of cardiovascular function or urine output. In contrast, the present studies demonstrated that when Sprague-Dawley rats were maintained on a chronic high NaCl intake the pharmacological blockade of the central NOP receptor system with UFP-101 resulted in a significant, but transient reduction in urine output, suggesting that this antagonist blocked an ongoing inhibitory influence of endogenous N/OFQ on AVP secretion. This is of interest since in the present studies we observed that the chronic treatment of a high NaCl diet to Sprague-Dawley rats did not alter plasma AVP levels, presumably this is mediated in part by activation of a pathway involving the endogenous central N/OFQ system. This is in contrast to the increase in plasma AVP which occurs in several hypertensive models (2, 9) . These data provide evidence for an endogenous role of the N/OFQ-NOP system, likely at the level of the hypothalamic PVN, in inhibiting the secretion of AVP and thus enhancing urine output when animals are faced with the physiological stress of a high salt challenge. The involvement of the native N/OFQ-NOP system in the excretion of water during stressful conditions has also been demonstrated in NOP receptor knockout mice which exhibited an impaired ability to excrete urine following an acute water load when compared to wild type littermates (3).
In addition to changes in urine output, the continuous i.c.v. infusion of UFP-101 produced a slight, but persistent elevation in MAP in Sprague-Dawley rats maintained on a chronic NaCl diet. Although these changes were not statistically significant, these data suggest that the NOP receptor system may, under certain conditions, play a contributory role in countering the hypertensive effects of high salt on MAP.
Based on evidence from in vivo studies, we also examined how a chronic high NaCl intake alters the central N/OFQ-NOP receptor system at the tissue level. Chronic high salt loading did not alter endogenous N/OFQ peptide levels or N/OFQ stimulated G-protein signaling sensitivity in the hypothalamus. Instead there was a significant increase in NOP receptor expression in the whole hypothalamus and PVN, coupled with a significant increase in basal hypothalamic GTPγS binding and a reduction in hypothalamic GTPγS stimulation factor. These findings are of particular interest since activation of NOP receptors within the hypothalamus, particularly in the PVN, results in a water diuresis by inhibiting the release of AVP (15, 20) .
During high salt challenge, the modified N/OFQ system would favor greater endogenous hypothalamic and PVN N/OFQ signal transduction via an increased number of NOP receptors.
Furthermore, the observed decrease in GTPγS stimulation factor, which is likely due to the observed increase in basal hypothalamic GTPγS activity, is hypothesized to reflect increased basal hypothalamic signaling pathways that are acting to suppress the release of AVP during the stress of high salt challenge. Together, these salt-induced changes in the NOFQ-NOP system reflect an endogenous mechanism functioning at the whole animal level to counter the effects of high salt intake on increased AVP release and subsequently, water retention.
In NaCl intake is known to increase neuronal activity in CNS sites that regulate sympathetic control of cardiovascular function including the medullary nucleus tractus solitarius (1, 22) and the rostral ventrolateral medulla (RVLM) (11, 12). High NaCl intake increases the sensitivity, and subsequently the cellular properties of medullary tissue (RVLM sympathoexcitatory neurons), which may explain how several classes of compounds including glutamate (11, 12) GABA A and GABA B antagonists (7) and N/OFQ (present study) are able to exert either greater, or more prolonged cardiovascular depressor effects in animals maintained on a high NaCl diet. Finally, the tendency for MAP to increase in high NaCl-treated rats during central UFP-101 infusion may reflect an ongoing activity of endogenous N/OFQ pathways in the medulla that are contributing to maintain constant MAP in the face of the stress of high salt intake.
Perspectives and Significance
Together, these data demonstrate that the stress of a chronic high NaCl diet alters the 
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Figure 4: Effect of chronic high NaCl intake in conscious male Sprague-Dawley rats maintained on either a control (0.4%) NaCl diet or a high (8%) NaCl diet for 3-weeks (N = 6/group), on endogenous plasma AVP levels, expressed as pg/ml. Values are means ± SEM. 
